Traumatic brain injury (TBI) causes heterogeneous patterns of neurocognitive deficits. In an attempt to identify homogenous subgroups within this heterogeneity, cluster analysis was used to examine memory and attention abilities as measured by the Test of Memory and Learning (TOMAL) in 300 children, 150 with TBI and 150 matched nonbrain injured controls (standardization sample [SS]). Significant differences were present between the TBI and the SS groups on all TOMAL subscale and index scores, with the TBI groups performing approximately 1.3 SD below the SS. Factor analysis of the TOMAL indicated six factors that assessed various aspects of verbal and nonverbal learning and memory, as well as attention/concentration. Cluster analyses of TOMAL factor scores indicated that a four-cluster solution was optimal for the SS group, and a five-cluster solution for the TBI group. For the TBI clusters, differences were present for clinical, achievement, neurocognitive, and behavioral variables, providing some support for the validity of the cluster solution. These findings suggest that TBI results in unique patterns of neurocognitive impairment that are not accounted for by individual differences in test performance commonly observed in normal populations. Additionally, neurocognitive profiles identified using cluster analysis may prove useful for identifying homogeneous subgroups of children with TBI that are differentiated by a number of important clinical, cognitive, and behavioral variables associated with treatment and outcomes.
Introduction
Behavioral disturbances and neurocognitive deficits in attention, learning, and memory commonly occur following traumatic brain injury (TBI; Babikian & Asarnow, 2009; Roman et al., 1998; Schwartz, et al., 2003; Yeates et al., 2005) . These neurocognitive deficits are associated with a number of important outcomes (Gil, 2003; Rassovsky et al., 2006) . However, both the severity and patterns of neurocognitive impairment are heterogeneous. Heterogeneity of these neurocognitive and behavioral deficiencies are not reflected in more general approaches to TBI severity classification based on, for example, open and closed head injury, length of coma or post-traumatic amnesia, and persisting neurological signs (Reitan & Wolfson, 1993) , and it may be that neurocognitive tests could provide more meaningful classification by identifying subgroups of children with TBI, who differ not only in the patterns of neurocognitive deficits, but also exhibit differences in other domains, such as behavioral abnormalities, academic achievement, and functional outcomes. Cluster analysis has been effectively used to identify subgroups of patients who exhibit differing patterns of neurocognitive impairment in a variety of psychiatric and neurological disorders, including TBI (Allen et al., 2000; Crawford, Garthwaite, & Johnson, 1997; Demery, Pedraza, & Hanlon, 2002; Wiegner & Donders, 1999) . Studies of adults with TBI indicate the existence of discrete TBI subgroups that differ with regard to both pattern and severity of neurocognitive deficits (Chan, Hoosain, Lee, Fan, & Fong, 2003; Crosson, Greene, Roth, Farr, & Adams, 1990; Goldstein, Allen, & Caponigro, 2010; Malec, Machulda, Archives of Clinical Neuropsychology 25 (2010) [618] [619] [620] [621] [622] [623] [624] [625] [626] [627] [628] [629] [630] [631] [632] [633] Coma Scale (GCS) scores, a shorter time interval between injury and assessment (Mottram & Donders, 2006) , and a younger age at injury compared with the average cluster. We hypothesized younger age at injury in the impaired cluster because longitudinal studies suggest that earlier age of injury is associated with poorer outcomes including slower development of attention, motor, and verbal and spatial skills Anderson & Moore, 1995; Anderson, Morse, Catroppa, Haritou, & Rosenfeld, 2004; Kriel, Krach, & Panser, 1989; Thompson et al., 1994) . Significant differences between the clusters were also hypothesized for intellectual variables (Mottram & Donders, 2006) , with perceptual organization abilities and speed of information processing demonstrating the largest differences among the clusters, and associated with overall levels of neurocognitive impairment. Neurocognitive variables assessing attention, perceptual organization, executive, language, and motor performance were predicted to exhibit differential patterns of impairment that were consistent with domain-and modality-specific patterns identified in the clusters. For example, individuals exhibiting selective deficits in verbal memory were predicted to also exhibit relative impairment on tests of verbal and language abilities, whereas nonverbal memory impairment was expected to exhibit associations with visuospatial and perceptual processing deficits (Allen, Thaler, Donohue, & Mayfield, 2010) . We have reported preliminary evidence supporting generalized decrements across achievement test scores in children with TBI (Stolberg, Terranova, Jones, Allen, & Mayfield, 2009) and thus anticipated overall level of performance differences between clusters, with the most impaired cluster exhibiting the lowest achievement test scores, although differential patterns of impairment among the clusters may also be present. Finally, given that difficulties with social behavioral regulation are common following child TBI (Dennis, Guger, Roncadin, Barnes, & Schachar, 2001; Fay et al., 2009; Hawley, 2003; McKinlay, Grace, Horwood, Fergusson, & MacFarlane, 2009; Yeates et al., 2004) and that these problems are associated with severity of TBI (e.g., Dennis et al., 2001) , we predicted that severity of impairment as indicated by cluster membership would be associated with attention, hyperactivity, and conduct problems in school and at home, as well as increased levels of self-reported psychological distress.
Materials and Methods

Participants
Participants included 300 children. Of these, 150 had sustained TBI and were selected from a consecutive series of cases referred for neuropsychological evaluation (TBI group). Definitive evidence of brain damage resulting from TBI was established in all cases using appropriate neuroimaging, laboratory, and examinational findings. GCS scores were available for 101 of the participants and indicated that on average, injuries were severe in nature (median ¼ 7). Participants were included if they had a primary diagnosis of TBI, had been administered the TOMAL as part of a comprehensive neuropsychological evaluation, and did not have pre-injury neurological or neurodevelopmental disorders. Of the 150 participants selected, 56.3% were Caucasian, 23.4% were African American, 17.2% were Hispanic, 0.8% were Asian American, and 2.3% were of other ethnicities. The sample was 52.1% male with an average age of 11.7 years (SD ¼ 3.7; range ¼ 5 -19). They were assessed an average of 6.9 months (SD ¼ 3.1; range ¼ 3 -21) following injury. Ten (6%) participants had open head injuries, whereas the others had closed head injuries. The remaining 150 children (SS group) were selected from the TOMAL standardization smaple. SS cases were matched individually to the TBI participants on age and sex. When more than one member of the SS group matched a TBI participant on age and sex, random selection was used to choose the SS case. For 17 TBI cases, matches were not available, so these cases were randomly selected from the remaining SS cases. Participants in the SS group were on average 11.2 years old (SD ¼ 3.1; range ¼ 5 -18) and 47.4% were male.
Measures
Test of Memory and Learning (Reynolds & Bigler, 1994a Demographic and clinical information. In addition to demographic variables, severity of injury was measured by the GSC (Teasdale & Jennett, 1974) . The GCS was administered either by first responders at the scene of the accident or in the emergency room when the child was transported to the hospital. The time interval between injury and assessment was used as an indicator of recovery, with a longer interval indicating more recovery.
Intellectual, achievement, and neurocognitive measures
Wechsler Intelligence Scales (WIS). The WISs were used to assess intelligence. Because children were tested over a period of more than 7 years and were of different ages, some were administered the WISC-III (n ¼ 116) or WISC-IV (n ¼ 10), and others the Wechsler Adult Intelligence Scale-Revised (n ¼ 9), or Wechsler Adult Intelligence Scale-Third Edition (n ¼ 7). Given that versions of the Wechsler Scales share many common subtests, and subtests are designed to measure similar abilities across age groups, data were combined across the various versions. We analyzed individual subtests that were strong measures of their representative index scores (Reynolds & Ford, 1994) , including Vocabulary (Verbal Comprehension Index), Block Design (Perceptual Organization Index), Digit Span (Working Memory Index), and Digit Symbol/Coding (Processing Speed Index). We also examined group differences on Full-Scale IQ.
The Woodcock -Johnson Psychoeducational Battery Tests of Achievement (Woodcock & Johnson, 1989) . Academic achievement was evaluated using the Revised or Third version of the Woodcock -Johnson Psychoeducational Battery Tests of Achievement. Broad Reading and Broad Math cluster scores were selected for analysis because these were completed by most participants and reflect two of the major components assessed by the tests.
Grooved Peg Board Test (Tiffin, 1948) . The Grooved Peg Board Test is a widely used measure of motor speed and dexterity. Scores included in the analyses were the time taken to place all of the pegs with the dominant and nondominant hands.
Beery -Buktenica Developmental Test of Visual-Motor Integration (Fifth Edition). The Beery -Buktenica Developmental Test of Visual-Motor Integration (Beery & Beery, 2004 ) is a paper and pencil test of visual perception and visual-motor integration that takes approximately 10-15 min to administer and is comprised of 30 figures of increasing complexity that the test subject is instructed to copy.
Trail Making Test Parts A and B Intermediate Version (Reitan & Wolfson, 1993) . The Trail Making Test parts A and B were used to assess psychomotor speed, visual search and sequencing, and mental flexibility (Part B).
Conners' Continuous Performance Test II (Conners & MHS Staff, 2000) . The Conners' Continuous Performance Test II (CPT-II; Conners & MHS Staff, 2000) is a computer-administered task comprised of a series of letters presented intermittently on the computer screen, with time intervals of varying lengths occurring between the letters. Test subjects were asked to click the mouse when a letter appeared that was not the letter "X."
The Oral and Written Language Scales (Carrow-Woolfolk, 1996) . The Oral and Written Language Scale (OWLS) is an individually administered assessment of receptive and expressive language for ages 3 through 21 years. The OWLS is comprised of three co-normed scales, including Listening Comprehension (LC), Oral Expression, and Written Expression. The LC scale was used in this study as a measure of receptive language.
The Behavior Assessment System for Children (Reynolds & Kamphaus, 1992) . The Behavior Assessment System for Children (BASC; Reynolds & Kamphaus, 1992 ) Parent Rating Scale (PRS), Teacher Rating Scale (TRS), and Self-Report of Personality (SRP) scales were used to assess adaptive and clinical (maladaptive) behaviors. Analyses focused on TRS, PRS, and SRP composite scores, but given the literature suggesting the presence of attention deficits, impulsivity, conduct problems, and learning difficulties following TBI, we examined these domains as assessed by individual BASC subscales.
Procedure and data analysis. Tests were administered according to standardized procedures by a pediatric neuropsychologist or doctoral level technicians who were supervised by the pediatric neuropsychologist. The TOMAL was routinely administered to all children, unless there was a reason not to administer the test (referral question, age of child, etc.). The BASC was completed by either the parent (PRS), child with TBI (SRP), or teacher (TRS).
To establish the sensitivity of the TOMAL to TBI, SS and TBI between group comparisons were made using multivariate analysis of variance (MANOVA) for the TOMAL subtest and Index scores, with post hoc univariate analyses used to examine specific subtest and composite scores differences between the groups when overall MANOVAs were significant. Principal component analysis (PCA) with varimax rotation was then used to identify groupings of TOMAL subtests to be used in the cluster analysis. PCA was conducted because prior investigations of the TOMAL have produced mixed results with regard to the number of factors (compare Alexander & Mayfield, 2005; Reynolds & Bigler, 1994b and Thaler, Allen, McMurray, & Mayfield, 2010) . The Kaiser -Guttman criterion was used to select the number of factors. Factor scores rather than TOMAL Index scores were used in the cluster analysis, because index scores are not independent of each other, as some TOMAL subtests contribute to more than one index score. Factor scores are also more reliable than individual subtest scores. Factor scores were calculated by deriving the mean of the standard scores for each factor's respective subtests (e.g., Allen, Strauss, Kemtes, & Goldstein, 2007) .
Cluster analysis was then used to examine neurocognitive heterogeneity in the SS and TBI groups. We analyzed the data with four-and five-cluster solutions to determine which solution was optimal. TBI and SS groups were analyzed separately to determine optimal cluster solutions for each group. Ward's method of cluster analysis was used because it is consistent with the cluster analytic methodology of previous studies (Curtiss, Vanderploeg, Spencer, & Salazar, 2001; Mottram & Donders, 2006) , it produces results that are consistent with other agglomerative clustering methods, and is less affected by outliers compared with those methods (Morris, Blashfield, & Satz, 1981) . We used squared Euclidian distance as the dissimilarity measure in the analyses because it provides a direct, physical measure of distance in Euclidean space (Everitt, Landau, & Leese, 2001) and it is sensitive to pattern and level of performance differences among individuals. To identify the appropriate number of clusters, we followed the approach suggested by Aldenderfer and Blashfield (1984) . Stability of the cluster solutions derived using Ward's method were examined using K-means iterative partitioning cluster analysis. For K-means, the number of clusters and initial cluster centers were specified based on Ward's method results. K-means derives clusters by iteratively adding cases to the group that has the mean value closest to the unassigned data point (Hair, Black, Babin, Anderson, & Tatham, 1992 ). Cohen's kappa was then used to assess the extent to which the K-means and Ward's method solutions agreed. On the basis of these various methods, along with consideration of the a priori hypotheses regarding number and type of clusters, the most appropriate solutions were identified for the SS and the TBI groups.
External validity of the optimal TBI cluster solution was then examined by comparisons on variables that were not included in the cluster analysis, but were theoretically and clinically relevant to TBI, including demographic, clinical, IQ, achievement, neurocognitive, and behavioral variables. In cases where interaction effects were hypothesized (e.g., IQ and neurocognitive variables), mixed-model ANOVAs were used to examine cluster differences, in which cluster membership served as a betweensubjects variable and test scores as a within-subjects variable. When no interaction effects were predicted, chi-squared, univariate ANOVAs, or multivariate ANOVAs were used (as appropriate) to examine cluster differences.
Results
There were no significant differences between the TBI and the SS groups on age or sex, x 2 (1) ¼ 0.66, p ¼ .42, indicating that the group selection and matching procedure was successful. MANOVAs indicated significant differences between the SS and the TBI sample for TOMAL subtest scores, F(68, 528) ¼ 5.59, p , .001, h 2 p , and Index scores, F(68, 528) ¼ 12.4, p , .001, h 2 p = .31. Following the Bonferonni correction for multiple comparisons, significant differences were present between the TBI and the SS groups on all of the TOMAL scores. The SS group's performance on the TOMAL subtest and index scores approximated the SS mean, and the TBI group performed approximately 1.3 SD below the SS group on most TOMAL scores, suggesting that the TOMAL was sensitive to TBI (detailed results of these analyses may be obtained from the corresponding author).
Principal Component Analysis
PCA conducted for the SS group indicated six factors based on the Kaiser -Guttman criteria. This solution approached simple structure, with most TOMAL subtests exhibiting primary loadings greater than 0.70, and few cross loadings greater than 0.40. The six factors were interpretable and assessed attention/concentration, and verbal and nonverbal memory processes, with distinctions between the verbal and the nonverbal factors based to some extent on task requirements. For the TBI group, the Kaiser -Guttman criteria indicated four factors. However, the four-factor solution did not approach simple structure and some factors that were not interpretable. When a six-factor solution was specified for the TBI group, a solution comparable to the SS group was obtained that approached simple structure. A final PCA conducted for the combined samples generally improved the six-factor solution (Table 1 ) and is consistent with the original conceptualization of the TOMAL as a measure of verbal and nonverbal memory processes, and attention/concentration (Reynolds & Bigler, 1994a . On the basis of these PCA results, six-factor scores were derived and subsequently used in the cluster analyses (separate PCA results for the TBI and the SS groups may be obtained from the corresponding author).
Cluster Analyses for TBI and SS Groups
Cluster analysis of the TOMAL subtests was accomplished specifying four-and five-cluster solutions for the TBI and the SS groups. For both groups, a preliminary graphical inspection of the cluster solutions based on the factor scores was not particularly informative because the number of factors made interpretation difficult, so Index score profiles were examined. Factor score profiles were largely consistent with the Index score profiles, although Index score profiles were easier to interpret and allowed for examination of profiles as they would occur in clinical settings (i.e., clinicians will not typically interpret factor scores).
Examination of index score profiles for the SS cluster solutions indicated that the clusters were differentiated primarily by the level of performance. The four-cluster solution consisted of a low average (C1), average (C2), and two above average clusters, one that obtained scores slightly above 100 (C3), and another with superior performance on the ACI (mean ¼ 120.5) as well as elevated scores on the Verbal and Nonverbal Memory Indexes (C4; Fig. 1 , Frame A). The five-cluster solution further divided the average cluster (C2) into two clusters, which did not markedly differ from each other. Thus, preliminary inspection of the cluster solutions indicated that the four-cluster solution was the better of the two solutions for the SS group.
For the TBI group, clusters were differentiated by both level and pattern of performance. The four-cluster solution consisted of a low-scoring cluster that exhibited a relative increase on the Delayed Recall Index (DRI) and ACI, a middle cluster exhibiting a relatively lower score on the VMI, an average cluster that exhibited its highest performance on the Nonverbal Memory Index, and an average cluster that obtained its lowest Index scores on the ACI and NMI. As seen in Fig. 1 , Frame B, the five-cluster solution included an Impaired cluster, that obtained Index scores ranging from 56.7 to 66.7, and obtained the highest scores on the DRI and ACI, with relatively lower scores on the VMI and NMI. There was also a Verbal cluster that obtained its lowest score on the VMI (70.8), with NMI, DRI, and ACI scores approximating 80.0. A Visual cluster is also apparent that exhibits the lowest performance on the NMI (65.6) with scores on the VMI, DRI, and ACI of approximately 80.0. Two additional clusters exhibit performance across all Indexes in the low average to average range, with the first cluster obtaining average scores on all indexes (Average cluster), and the second exhibiting relative decreases on the ACI and possibly the NMI (Attention cluster). Thus, preliminary inspection of the four-and five-cluster solutions in the TBI group suggest that the fourand five-cluster solutions provide clear indication of level and pattern of performance differences, with this being the case particularly for the five-cluster solution. The five-cluster solution also appears to be the most theoretically and clinically relevant of the solutions, based on the a priori hypothesis. Stability of the four-and five-cluster solutions examined using the K-means iterative partitioning method indicated that the Cohen's kappas for the SS group were 0.86 and 0.77, respectively, and 0.78 and 0.87, respectively, for the TBI group. Kappas at or above a 0.80 level are considered to indicate excellent agreement (Landis & Koch, 1977) and indicate that four-cluster SS solution and five-cluster TBI solution are stable and have a high-level agreement when derived using Ward's and K-means methods of cluster analysis. Therefore, the five-cluster solution appeared optimal for TBI, and the four-cluster solution appeared optimal for SS.
TOMAL Index score profiles for the four-cluster SS solution and five-cluster TBI solutions are presented in Fig. 1 . In the figure, the Verbal Memory, Nonverbal Memory, and Attention/Concentration Indexes are presented first, followed by the Composite and Delayed Recall Memory Indexes, as these latter indexes combined verbal, nonverbal, and attention/concentration subscale scores, and so are not useful in determining group differences across discrete abilities. Comparison of the SS and TBI cluster solutions indicated not only overall differences in the level of performance, with the SS clusters generally obtaining higher scores than the TBI clusters, but also that the TBI clusters were differentiated by both the level and the pattern of performance, whereas the SS clusters tended to be differentiated by the level of performance, with pattern differences in the SS group mostly determined by DRI scores. In contrast, for the TBI group, there were verbal and nonverbal memory discrepancies among the clusters, as well as a cluster that exhibited relative impairment in the attention domain (figures plotting the factor scores for all cluster solutions may be obtained from the corresponding author).
Given that the five-cluster solution for the TBI sample was most consistent with the hypothesis, in combination with its increased stability and theoretical interest, we further evaluated the external validity of the five-cluster solution in the TBI group. Descriptive statistics for the TBI five-cluster solution on the TOMAL subtest and Index scores are presented in Table 2 (tables containing descriptive statistics for the TOMAL subtests for all TBI and the SS cluster solutions may be obtained from the corresponding author).
External Validity of the TBI Clusters
Demographic and clinical differences among the TBI clusters. Descriptive statistics for the demographic and clinical variables are presented in Table 2 . Chi-square analyses indicated no significant differences among the five clusters with regard to gender, . However, analysis of ranked GCS scores indicated significant differences among the groups, F(4,96) ¼ 2.5, p , .05. Post hoc comparisons indicated that the Attention cluster had significantly higher GCS scores than the Verbal cluster, although comparable but nonsignificant differences were also present for the Impaired and Visual clusters.
IQ, achievement, and neuropsychological differences among clusters. Descriptive statistics for IQ, achievement, and neuropsychological variables are presented in Table 3 , as are ANOVA results and post hoc comparisons examining differences among the clusters. For Full-Scale IQ, ANOVA indicated a significant difference between the clusters (p , .001). The Average and Attention clusters did not significantly differ from each other, but obtained significantly higher scores than the Verbal and Visual clusters, which in turn performed significantly better than the Impaired cluster. Mixed-model ANOVA examining potential differences on subtests selected from the four Wechsler Index scores indicated significant effects for Cluster, = .036. Post hoc comparisons indicated the level of performance differences with the Normal and Attention clusters obtaining higher scores than the Visual and Verbal clusters, who in turn had higher scores than the Impaired cluster (Table 3) .
For the attention domain, CPT variables were entered into the mixed-model ANOVA, and results indicated a significant main effect for Cluster, F(4,120) ¼ 2.83, p ¼ .03, h 2 p = .086, and for CPT score, F(5,600) ¼ 22.40, p , .001, h 2 p = .157, as well as a significant Cluster by CPT score interaction effect, F(20,600) ¼ 2.22, p ¼ .002, h 2 p = .069. Expected differences were present between groups on a number of CPT measures, with the Impaired cluster typically performing worse than the others, with significant differences among the clusters for CPT Standard Error, Variability, and Perseverations (Table 3 ).
Significant differences were also present between the clusters on the visuomotor (BVMI) and language (OWLS) domains. Post hoc analyses indicated that for language, the Average cluster exhibited the best performance but did not differ from the Attention cluster, whereas the Impaired cluster exhibited the worst performance, but did not differ from the Verbal or Visual clusters. For visuomotor integration, the Average cluster again exhibited the best performance, although it did not differ from the Attention or Verbal cluster, while the Impaired cluster exhibited the worst performance, but did not differ from the Visual, Verbal, or Attention clusters.
For the motor domain, results for the Grooved Peg Board dominant and nondominant hands indicated that there were significant main effects for Cluster, F(4,127) ¼ 3.74, p ¼ .007, h 082. The dominant hand was faster than the nondominant hand in all groups, although a larger than expected discrepancy is present for the Impaired cluster, with the nondominant hand being slower than expected. Significant differences among the clusters were present for only the nondominant hand, and post hoc analyses indicated that the Normal and the Attention clusters performed similar to each other and significantly better than the Visual and Verbal clusters, who in turn performed better than the Impaired cluster.
Finally, for the executive function domain, mixed-model ANOVA indicated a significant effect for Trail, F(1,91) ¼ 8.9, p , .001, h 2 p = .082, Cluster, F(1,91) ¼ 141.7, p , .001, h 2 p = .609, and a significant Trail by Cluster interaction effect, F(1,91) ¼ 8.5, p , .001, h 2 p = .271. As can be seen from Table 3 , the interaction effect was caused primarily by the larger than expected discrepancy between Parts A and B for the Impaired cluster compared with the others. Post hoc analysis indicated that in general, the Impaired cluster differed from the other clusters on Parts A and B, although the other clusters did not differ from each other.
Behavioral differences among the TBI clusters. Descriptive statistics for the BASC subscales are presented in Table 4 . Separate MANOVAs were conducted for the Parent, Teacher, and Self-report ratings, where cluster membership served as the between-subjects variable and BASC scores were the dependent variables. Additionally, scale and composite scores were analyzed separately given the overlap between composite and scale scores. MANOVA for the PRSs indicated an overall significant effect, F(12,387) ¼ 2.95, p ¼ .01, h 2 p = .064, although the MANOVA for the composite scores was not significant, F(16,528) ¼ 1.41, p ¼ .13, h 2 p = .041. The largest effect was for the Hyperactivity and Conduct scales. Post hoc analyses indicated the Impaired cluster exhibited more behavioral problems than the other clusters, who did not differ from each other.
MANOVA for the Teacher scale ratings indicated an overall significant effect, F(16,156) ¼ 3.48, p , .001, h 2 p = .263, as did the MANOVA for the Teacher composite scores, F(20,152) ¼ 2.95, p , .001, h 2 p = .279. Significant group differences were present among the clusters on all of the scale scores, and all but one of the composite scores (internalizing problems), with the Impaired cluster again exhibiting more behavioral disturbances than the other clusters.
MANOVA for the Self-Report composite scores indicated no significant differences among the clusters, F(12,318) ¼ 1.74, p ¼ .06, h 2 p = .062.
Discussion
The current study provides a number of findings relevant to neurocognitive functioning in children with TBI, particularly with regard to heterogeneity. Most notably, results support the notion that TBI produces marked heterogeneity in neurocognitive function, so that there is no profile that best typifies these children and adolescents, although there do appear to be subgroups within this diverse population that might be characterized by performance profiles from neuropsychological tests that assess memory and attention/concentration abilities. Evidence supporting the validity of these subgroups was provided not only by comparisons on clinical, neuropsychological, and behavioral variables, but also through comparison with clusters identified in a matched normal sample. With regard to the latter point, the need for direct comparisons of TBI and normal cluster solutions has long been suggested (Crosson et al., 1990) , in order to determine if there are profiles unique to TBI that represent more than normal or expected variation in test performance among individuals, and thus would be attributable to brain injury. Results indicated that the TBI clusters differed in patterns of performance which was accounted for largely by discrepancies in verbal and nonverbal memory abilities, or a relative decrease in attention/concentration. There was also evidence for a group that exhibited severe impairment, as well as another that exhibited average performance. These TBI clusters stood in contrast to the four clusters identified in the SS group, which were differentiated primarily by level of performance, with pattern of performance differences accounted for primarily by the tendency toward reduced variability in the SS group on the DRI compared with the TBI group (SD's ¼ 8.8 and 12.9, respectively; Table 1 ). Thus, the current findings support the contention that TBI results in patterns of memory and attention deficits that vary markedly from those observed in normal populations and these patterns are not easily accounted for by intra-individual variation in test performance that is often observed in nonbrain injured populations. Differences in profile and number of clusters are also consistent with prior studies that have undertaken separate TBI and SS analyses on, for example, the Wechsler Intelligence Scales (e.g., compare Warschausky, 1997, and Donders, 1996) . Although the number of clusters and profile differences are strongly influenced by the measures that are entered into the cluster analysis (Malec et al., 1993) , there is some consistency across studies of adults and children with moderate to severe TBI which may support the utility of neuropsychological tests in classifying injury severity. For example, most studies identify average and impaired clusters. Other studies that have examined verbal memory abilities find that some children with TBI exhibit deficits in various aspects of memory functioning and others do not. Studies of attention also identify clusters of children with selective deficits in some aspects of attention. In this study, nonverbal memory tests were included and a group was also identified with selective deficits in this area. However, one objection to the results of cluster analytic studies is that the replicability and thus generalizability of cluster solutions are not typically assessed. One study that compared cluster solutions derived from two different TBI samples that were assessed using the same tests provided strong support for the stability and generalizability of neurocognitive clusters identified across different TBI groups (Curtiss et al., 2001) . Another study that investigated the stability of clusters derived using different tests (abstraction vs. IQ) in 221 patients with schizophrenia identified four clusters for each set of tests, and there was a significant degree of association between the solutions, although this association was weak (Goldstein, Allen, & Seaton, 1998) . Thus, although there is support for the stability of clusters across populations and possibly across tests, test selection remains a significant determining factor in the number and profile of the obtained clusters, which highlights the need for selection of tests that are directly relevant to the types of cognitive deficits exhibited by the population under investigation. In the current study, measures of memory and attention/concentration were selected for cluster analysis because deficits in these areas are commonly reported following TBI.
With regard to the specific clusters, the Average cluster obtained TOMAL Index scores ranging from 94.0 to 100.7. We do not refer to the Average cluster as "normal" even though their performance is in the average range, because it is likely that some reduction in neurocognitive abilities resulting from TBI occurred in these children, and so they should not be considered normal. Donders and Warschausky (1997) found that their highest performing WISC-III TBI cluster had a higher socioeconomic background, which may indicate that while still average in their performance, some decline from premobid levels of functioning had occurred. A similar observation has been made for some individuals with schizophrenia who perform in the average range on neuropsychological tests (Palmer et al. 1997 ), but nevertheless exhibit subtle neurocognitive deficits consistent with the presence of schizophrenia (Allen, Goldstein, & Warnick, 2003) . These patients have been referred to as "neuropsychologically normal" or alternatively "high cognitive functioning," akin to terminology used to describe autism (e.g., Goldstein et al., 2008) . These high cognitive functioning patients with schizophrenia are of some interest since preserved neurocognitive function is associated with better outcomes, and less severe impairment is associated with decreased neuroanatomic abnormalities (Allen et al., 2000; Wexler et al., 2009 ). The Average cluster in this study may also exhibit more subtle signs of brain damage, as indicated by the relative decrease in processing speed inferred by relatively poorer performance on the Digit Symbol/Coding subtest compared to the other WISC subtests Donders & Janke, 2008) . Whether the nomenclature of "high functioning" applied to schizophrenia and autism would also be a useful descriptor in classifying childhood TBI awaits further investigation, although it is apparent that more severe deficits have been linked to poorer outcomes in TBI, in this study and in others.
The Impaired cluster obtained TOMAL Index scores ranging between 56.7 and 67.7, and consistently performed more poorly than the other clusters on many of the IQ, neuropsychological, and achievement variables, and also exhibited more severe behavioral disturbances and poorer adaptive functioning than the other clusters. There were no marked differential patterns of impairment across the neuropsychological domains assessed as external validity variables, which is consistent with the overall picture of severe impairment. This impairment was apparent not only on neurocognitive measures but also measures of achievement, which are typically considered less susceptible to decline following TBI and other acquired brain disorders, and can be used as an indicator of premorbid function in some cases. However, the current findings suggest that for this impaired cluster performance on achievement tests is also diminished, which is consistent with a preliminary report of 170 children with TBI, who performed significantly worse on many of the WJ III scales compared to the SS mean (Stolberg et al., 2009) . Elevations in parent ratings of attention and conduct problems were also apparent. Similarly, teacher ratings indicated increased problems with hyperactivity, attention, conduct and learning, as well as increased externalizing, school and behavioral problems, and decreased adaptive skills. Thus, the Impaired cluster identified in this study and exhibits disturbances across a broad range of neurocognitive, achievement, and behavioral variables and is also expected to require the most intensive treatment and rehabilitative services during recovery.
There was also a cluster that obtained its lowest score on the Attention Concentration Index, although it also exhibited a decrease in performance on the TOMAL Nonverbal Memory Index. This cluster was similar to the Average cluster in many respects, including performance on the IQ and achievement tests, as well as on tests of motor speed and executive function. Expected decrements in performance on tests of attention, particularly the CPT and Wechsler Digit Span, were not apparent. Also, expected deficits in attention on the behavioral ratings were not apparent, which may reflect a more general lack of association between neuropsychological and behavioral measures of attention (Dennis et al., 2001; Naglieri, Goldstein, Delauder, & Schwebach, 2005; Young & Gudjonsson, 2005) . It did appear that compared with the Average cluster, the Attention cluster exhibited somewhat poorer performance on tests of language and visuoperceptual abilities. This later finding may be associated with the relative decrease in performance on the TOMAL Nonverbal Memory Index, which has previously been shown to have significant associations with the Perceptual Reasoning Index from the WISC-IV , suggesting its reliance on visuoperceptual and visual reasoning processes. However, given the lack of associated decrements in attention on neuropsychological and behavioral measures, and the decrease in the TOMAL Nonverbal Memory index, this cluster should not be viewed as a "pure" attention cluster, and its external validity is questionable.
Verbal and Nonverbal clusters were also identified, with the Verbal Cluster obtaining index scores ranging from 70.8 (Verbal Memory Index) to 78.6, and the Visual cluster obtaining index scores ranging from 65.6 (Nonverbal Memory Index) to 82.8. Verbal memory tests have been the most extensively examined in cluster analytic studies in children with TBI, and the current results provide further evidence for a cluster that is differentiated by this ability. Measures of nonverbal learning and memory have not been included in prior cluster analytic studies of children with TBI, but based on the current results there also appears to be a subgroup of children with TBI who are characterized by relatively poor performance on measures of this domain. With regard to external validity, the Verbal and Visual clusters typically performed worse than the Average and Attention clusters and better than the Impaired cluster on the neurocognitive variables. In contrasting the Verbal and Visual clusters on the IQ variables, the Verbal cluster exhibits the expected dissociation between Vocabulary and Block Design, although this pattern in less pronounced in the Visual cluster. However, the Verbal cluster did not differ from the Visual cluster on the OWLS, which is a measure of listening comprehension. Consistent with neurocognitive data, the Visual cluster scored lower on the perceptual organization domain, without any distinct discrepancies in other areas. Behaviorally, few differences were present, although the Visual cluster did exhibit elevations on BASC parent ratings of Conduct and teacher ratings of Hyperactivity, similar to those observed in the Impaired cluster. These differences between the Visual and Verbal clusters provide preliminary support for their external validity, although some differences were not as robust as might have expected.
With regard to external validity of the TBI clusters on clinical and demographic variables, similar to prior studies, we found that only severity of coma significantly differentiated clusters, and clusters were not differentiated on gender, ethnicity, cause of injury, injury-testing interval, or age at testing (Crosson et al., 1990; Donders & Warschausky, 1997) . Contrary to hypotheses, age at injury and time elapsed from injury to assessment did not differ among clusters, which appears inconsistent with longitudinal studies indicating a developmental influence on how TBI effects outcome (e.g., Verger et al., 2001) . Few studies have investigated associations between age or developmental level at the time of TBI and outcome, but existing longitudinal studies suggest that earlier age of injury is associated with poorer outcomes including slower development of attention, motor, and verbal and spatial skills , 2004 Anderson & Moore, 1995; Duval et al. 2008; Kriel et al., 1989; Thompson et al., 1994) . Failure to find age differences among our clusters was likely a result of the relatively brief time between injury and assessment compared with other studies (e.g., Hawley, 2004; Millis et al., 2001) . Whether clusters identified in this study will be useful in predicting longitudinal outcomes awaits future research that incorporates longer time periods between injury and assessment. However, one longitudinal study of neurocognitive, adaptive, behavioral, and academic functioning of children with moderate to severe TBI who were classified according to the longitudinal patterns of outcomes, found that those with severe TBI had an increased likelihood of experiencing poorer outcomes, functional deficits, and behavioral deterioration an average of 4 years after injury (Fay et al., 2009) . It also remains to be seen whether injury severity classified using neurocognitive tests such as the TOMAL would provide better prediction of long-term outcomes than severity classification based on the GCS or other similar techniques, or whether comparable variability in course and outcome would be noted.
To our knowledge, this is the first study to examine differences in behavior among neurocognitive clusters in children and adolescents with TBI using a well-standardized multimethod behavioral assessment, despite the observation that behavioral disturbances are common following TBI (McKinlay et al., 2009; Yeates et al., 2004) . The results do not generally support a profile of behavioral disturbance that is differentiated based on membership in neurocognitive clusters in most cases. Rather, severity of neurocognitive impairment was more generally associated with disturbances in behavior and poorer adaptation, with the most severely impaired neurocognitive cluster exhibiting clinical elevations on a number of the BASC subscale and composite scores. Interestingly, there were differences between the type of behavioral report, with teacher reports consistently demonstrating the most differences among clusters. Although the findings are limited by a relatively small number of teacher ratings (n ¼ 44), results are consistent with a recent preliminary study of children with TBI using the BASC-2 that found increased teacher endorsement of externalizing and school-related problems more frequently than internalizing problems, with the greatest elevations on the hyperactivity, attention, and learning problems subscales (Thaler, Terranova, Reynolds, Mayfield, & Allen 2010) . Also, although behavioral problems following pediatric TBI are typically evaluated via parent reports (Yeates & Taylor, 2006) , with less research available for teacher ratings, there do appear to be inconsistencies between parent and teacher ratings (Gross, Fogg, Garvey, & Julion, 2004; Lee, Elliott, & Barbour, 1994; McAuley, 2000; McConaughy, Stanger, & Achenbach, 1992) . These inconsistencies are likely influenced by contextual factors relating to setting (e.g., hyperactivity may cause less disruption in the home than in the classroom), attribution of problem behaviors to internalizing or externalizing factors (Max et al., 1998) , or by differences between teachers and parents referent comparisons to normally developing children. Because of these differences, teachers may be more accurate in rating hyperactivity, whereas parents are most reliable in rating conduct disorders, oppositional behavior, and internalizing behaviors (Loeber, Green, & Lahey, 1990; Yeates & Taylor, 2006) . Thus, the suggestion that teacher reports provide unique insights to childhood behavioral disorders (Randazzo, Landsverk, & Ganger, 2003; Thaler, Terranova, et al., 2010) is consistent with the current findings and highlights the importance of supplementing parental reports with those of teachers when evaluating behavioral disturbances in children with TBI.
The current study has a number of limitations including that some clusters contained a limited number of participants, which may have decreased statistical power to detect cluster differences on some external validity variables. Also, because this was a study of a convenience sample referred for clinical evaluation, there was incomplete data for some tests (e.g., BASC TRS), which may limit generalizability of findings. In a prospective investigation, alternative measures may have been selected and some domains would have been more thoroughly evaluated (e.g., executive function). Additionally, children with mild TBI were not included. Their inclusion may have produced a high average cluster that would contain those children with above average abilities premorbidly, who did not experience a substantial decrease in neurocognitive abilities as a result of TBI. Finally, while a revised version of the TOMAL has been recently published (TOMAL-2; Reynolds & Voress, 2007) , similar patterns of performance are anticipated on the TOMAL-2, because no new items or subtests were introduced, and the child SS remained largely the same. Future studies may attempt to determine stability of this cluster solution across different populations of children with TBI, as well as whether neurocognitive classifications of TBI, such as the one reported here, will be more useful in predicting longer-term outcomes in comparison to currently existing and commonly used classification methods such as the GCS. However, the current results do suggest that deficits in memory and attention abilities, particularly for patients who exhibit severe impairment in these areas, are associated with disturbances across a wider range of neurocognitive and behavioral domains, and so may prove to be clinically useful in predicting outcomes, anticipating adjustment problems, and planning educational and rehabilitative interventions designed to remediate deficits and improve functional outcomes following TBI in children.
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